Benzoylformate decarboxylase from Pseudomonas putida (PpBFDC) is a thiamin diphosphate-dependent enzyme that carries out the nonoxidative decarboxylation of aromatic 2-keto acids. The x-ray structure of PpBFDC suggested that Ser-26, His-70, and His-281 would play important roles in its catalytic mechanism, and the S26A, H70A, and H281A variants all exhibited greatly impaired catalytic activity. Based on stopped-flow studies with the alanine mutants, it was proposed that the histidine residues acted as acid-base catalysts, whereas Ser-26 was involved in substrate binding and played a significant, albeit less well defined, role in catalysis. While developing a saturation mutagenesis protocol to examine residues involved in PpBFDC substrate specificity, we tested the procedure on His-281. To our surprise, we found that His-281, which is thought to be necessary for protonation of the carbanion/enamine intermediate, could be replaced by phenylalanine with only a 5-fold decrease in k cat. Even more surprising were our subsequent observations (i) that His-70 could be replaced by threonine or leucine with approximately a 30-fold decrease in kcat/Km compared with a 4,000-fold decrease for the H70A variant and (ii) that Ser-26, which forms hydrogen bonds with the substrate carboxylate, could be replaced by threonine, leucine, or methionine without significant loss of activity. These results call into question the assigned roles for Ser-26, His-70, and His-281. Further, they demonstrate the danger in assigning catalytic function based solely on results with alanine mutants and show that saturation mutagenesis is a valuable tool in assessing the role and relative importance of putative catalytic residues. catalytic mechanism ͉ thiamin diphosphate
B
enzoylformate decarboxylase (BFDC, EC 4.1.1.7) is a thiamin diphosphate (ThDP)-dependent enzyme that catalyzes the conversion of benzoylformate (BF) to benzaldehyde and carbon dioxide. BFDC has been described in Pseudomonas putida (1) and other closely related microorganisms as part of a pathway that allows bacteria to use (R)-mandelate as a sole carbon source. More recently, a BFDC has been identified as part of a novel D-phenylglycine degrading pathway in Pseudomonas stutzeri .
The enzyme from P. putida (PpBFDC) has been intensively studied by x-ray crystallography (3, 4) and steady-state and stopped-flow kinetic methods coupled with site-directed mutagenesis (4, 5) . These studies identified three residues, Ser-26, His-70, and His-281, that were important for catalysis by PpBFDC (Fig. 1) . The suggested chemical mechanism for PpBFDC ( Fig. 2 ) is similar to that of related ThDP-dependent enzymes. In the initial step, the C4Ј imino group of ThDP abstracts a proton from the C2 atom of the thiazolium ring resulting in the formation of an ylide, whereas the substrate enters the active site with binding stabilized by both Ser-26 and His-70. The ylide attacks the carbonyl of the substrate to form the first tetrahedral intermediate, 2-␣-mandelyl-ThDP, with His-70 acting as a proton donor (HB 1 (4) .
Zymomonas mobilis pyruvate decarboxylase (ZmPDC) is also a ThDP-dependent enzyme. It has the same protein fold and chemical mechanism as PpBFDC. However, with the exception of the residues involved in cofactor binding, there is little if any sequence conservation in the active site. That said, there is a positional conservation of residues in that His-113 and His-114, the putative equivalents of PpBFDC His-70 and His-281, respectively, occupy similar spatial positions. Mutagenesis of ZmPDC has shown that these two histidine residues and Asp-27, the spatial equivalent of Ser-26, play important roles in catalysis by PDC (6) .
Given that their mechanisms are essentially identical, and the differences between the substrates for these and other ThDPdependent decarboxylases are largely steric, it is likely that active site architecture plays a dominant role in the evolution of enzymes of this type (3) . We have used site-directed mutagenesis in an attempt to interconvert PpBFDC and ZmPDC (7) and ZmPDC and KdcA, a branched chain 2-keto acid decarboxylase from L. lactis (8) . Although single mutations were able to significantly improve decarboxylase activity with alternative substrates (7), it became clear that, even when based on crystallographic data, simple mutation of individual residue(s) in one decarboxylase to counterpart(s) in a second decarboxylase was unlikely to provide an immediate interchange of substrate specificity (8) .
Directed evolution is commonly used as an alternative to the site-directed approach (9) , and saturation mutagenesis has also been used to alter substrate specificity (10) . Both of these techniques require high-throughput screening or selection methods to identify the variants with improved catalytic activity. Here, we report the development of a high-throughput assay for ThDP-dependent decarboxylases and describe its utility for exploring the alteration of substrate specificity by saturation mutagenesis of PpBFDC. Surprisingly, during the validation of the methodology, it was found that His-281 could be replaced by a phenylalanine residue with only a 5-fold decrease in k cat . This clearly brings into question the suggestion that His-281 is necessary to protonate the carbanion/enamine (Fig. 2) . Subsequent saturation mutagenesis also identified catalytically competent replacements that were inconsistent with the proposed catalytic roles of Ser-26 and His-70.
Results
Adaptation of the Decarboxylase Assay for Microplate Reader. As the first step for identifying PpBFDC variants with altered substrate specificity, a high-throughput screen for 2-keto acid decarboxylation was required. As described in Materials and Methods, the currently used coupled assay (11) was adapted to measure activity in whole cell lysates in a 96-well plate format.
To estimate the detection limits of the revised methodology we used BL21(DE3) Escherichia coli cells harboring expression vectors for PpBFDC-his variants with known levels of activity. These included the WT, S26A, H70A, and H281A variants, and the pET24d expression vector provided a negative control. Terrific broth (TB) was the medium of choice, because it gave better cell growth after overnight (16-20 h ) cultures than Luria-Bertani medium (LB), resulting in higher and more reproducible activity measurements. In both media, selfinducing reagents for T7 promoters were added to avoid the need for IPTG addition. Cell lysis was carried out by using the commercial reagent FastBreak, in the presence of DNaseI. Neither the lysis reagent nor DNaseI affected the decarboxylation reaction. The extent of the lysis of the individual cultures was not investigated, and, because the assay was being developed as a screen, it was not considered necessary to normalize activity to OD 600 of cells. Preliminary experiments did suggest that lysis was complete (data not shown) and that, under the experimental conditions, the average activity values of the control lysates in the presence of 10 mM BF were: TB, 15 Ϯ 10 milli-absorbance units (mAU)/min; pET24d, 40 Ϯ 15 mAU/min; pETBFDC-His, 1,200 Ϯ 150 mAU/min; pETBFDCH70A-His, 70 Ϯ 35 mAU/min; pETBFDCH281A-His, 170 Ϯ 20 mAU/min; and pETBFDCS26A-His, 360 Ϯ 40 mAU/min.
Validation of Saturation Mutagenesis Procedure and Screening Assay
Using His-281. Before carrying out saturation mutagenesis of putative substrate binding residues, it was necessary to validate the saturation mutagenesis protocol and the activity assay. It was thought that this could be achieved by checking to see that results obtained from saturation mutagenesis of a well characterized residue were predictable. His-281 was chosen for the initial study because the H281A variant retains reproducibly measurable activity in the microplate screening assay.
Saturation mutagenesis was carried out with degenerate primers, using pETBFD-His as the template. BFDC activity was measured in whole cell lysates for 176 sample colonies and 16 controls, including the WT and H281A variants. Simultaneously, all sample colonies were subjected to plasmid DNA sequencing to ensure that the 20 aa were represented in the His-281 variants. Each of the amino acids was represented in a sample of 88 colonies [supporting information (SI) Table S1 ]. Nonetheless, in this and subsequent studies, 176 colonies were routinely screened to maximize the likelihood that screened colonies included all 20 aa. The sequencing results were then matched with activity levels. Fig. 3 shows the activity levels of the first 88 colonies tested for the saturation mutagenesis of His-281. Critically, restoring a histidine to this position led to WT levels of activity (three colonies), whereas replacement by alanine resulted in impaired activity (four colonies). Taken together, these results validated both the saturation mutagenesis and the screening assay.
Expression, Purification, and Kinetic Characterization of PpBFDC His-281 Variants. Although the results for the WT and H281A variants were as expected, the screening assay identified other colonies with varying degrees of activity, albeit none as great as that of the WT enzyme. Several mutations, particularly those resulting in a charged amino acid in position 281, led to lower activity than the H281A mutation (data not shown). Of greater interest were those colonies that had activity intermediate between that of H281A and the WT enzyme. Accordingly, the PpBFDC His-281 variants displaying decarboxylase activity greater than an arbitrarily chosen threshold of 300 mAU/min (approximately twice that of H281A) were expressed and purified to apparent homogeneity, using metal chelate chromatography. These were the H281Y, H281F, H281W, H281Q, H281N, and H281T variants. The H281A variant was also expressed and purified as a control. The Michaelis-Menten parameters of each of these variants were determined and are provided in Table 1 . Comfortingly, the steady-state results were broadly in line with those of the screening. Sequencing showed that the five colonies with the highest (but not WT) activity were those containing Phe in position 281. Of the purified enzymes, H281F was the variant with the highest k cat value (5-fold lower than the WT). The two other variants with aromatic amino acids in position 281 also showed k cat values much greater than that of H281A ( Table 1 ). The H281T variant had kinetic parameters almost identical to those of H281A consistent with its activity levels being only marginally higher than the screening test threshold. The H281N variant showed Ͻ20-fold decrease in k cat but had the greatest (10-fold) increase in K m value. Taken as a whole the results clearly indicated that His-281 could be replaced by a variety of residues, including those unable to act as proton donors, without a precipitous drop in activity.
Saturation Mutagenesis of Ser-26 and His-70. Given the unexpected results obtained with the saturation mutagenesis of His-281, it seemed logical to carry out similar studies on the other residues implicated in PpBFDC catalysis, i.e., Ser-26 and His-70. The experimental procedures were identical to those used for H281X, and the S26A and H70A variants were used as controls. In both cases, only those colonies with activity levels higher than the respective Ala variant were sequenced.
The decarboxylase activity of 88 H70X variants is shown in Fig.  4 . The overall activity of H70X variants is much lower than that of the H281X variants ( Fig. 3) , consistent with studies showing that this position is more critical for the catalytic activity of PpBFDC (4). The sequencing data for the 15 variants with an activity Ͼ200 mAU/min (two to three times that of H70A) showed that the three colonies with WT activity levels all had His in position 70. Other colonies found to have activity higher than the threshold were carrying pETBFDC-His with Thr, Ser, Leu, or Phe residues in place of His-70. These enzymes were subsequently expressed and characterized.
The H70A, H70L, and H70F variants were found to be very unstable compared with the WT enzyme and could not stand successive freeze-thaw cycles without significant activity losses. Accordingly, they were assayed immediately after purification. The steady-state kinetic analysis of the His-70 variants is summarized in Table 2 . The variant with the highest catalytic efficiency was H70T with a k cat /K m value only 25-fold lower than that of the WT. Its k cat value was only 8-fold lower than that of the WT enzyme. Surprisingly, H70L also showed a k cat value only 23-fold lower than that of the WT. H70S and H70F showed similar kinetic parameters but, whereas H70S remained stable and active after a number of freeze-thaw cycles or after several days at 4°C, H70F was very unstable. As with His-281, replacement of His-70 by alanine had the greatest effect on catalytic activity.
When the S26X variants were analyzed, the general activity levels were found to be higher than those observed with the previous mutations (Fig. 5) . The 14 colonies displaying WT activity were all found to carry a Ser in position 26. The observed frequency of Ser mutants, 0.16, is higher than predicted (0.10; Table S1 ) but the results emphasize (i) the randomness of the mutagenesis and (ii) the effectiveness of the activity screen. We also selected for further characterization another 13 clones with activity Ͼ400 mAU/min. Sequencing showed that threonine, leucine and methionine replaced Ser-26 in these clones.
The S26A, S26T, S26L, and S26M variants were expressed, purified, and assayed (Table 3) . S26A showed a 29-fold increase in K m value, whereas the k cat value was 20-fold lower than the WT value. This is in good agreement with results for this variant published in ref. 4 . The other variants showed K m values closer to the WT value, with k cat values ranging from 2-fold to Ϸ40-fold lower than WT. Not unexpectedly, one of the best replacements for Ser-26 was threonine, with the k cat /K m value of the S26T variant only 11-fold lower than that of the WT. By contrast, the k cat /K m value of the S26A variant decreased Ͼ600-fold. More unexpected was the k cat value of 132 s Ϫ1 for S26L, only 2-fold lower than that of the WT enzyme (Table 3) . However, by far the most surprising results were provided by the S26L and S26M The values are expressed as the mean Ϯ SE. All variants were prepared with a C-terminal hexahistidine tag and assayed as described in Materials and Methods. *In parentheses are fold increases over the WT value. † In parentheses are fold decreases over the WT value. Fig. 4 . Activity data from screening of 88 colonies for H70X. Controls (dark): 1, TB; 2, pET24d; 3 and 4, pETBFDCWT; 5 and 6, pETBFDCH70A; and 7 and 8, pETBFDCH281A. The values are expressed as the mean Ϯ SE. All variants were prepared with a C-terminal hexahistidine tag and assayed as described in Materials and Methods. *In parentheses are fold increases over the WT value. † In parentheses are fold decreases over the WT value.
variants, which both had K m values only 3-4 times that of the WT enzyme.
Conservation of the Catalytic Residues. All available sequences for putative BFDCs were obtained from the National Center for Biotechnology Information. Although a majority of the sequences in the databases belong to organisms in the gamma proteobacteria group (to which the Pseudomonadales belong), there is a growing number of sequences belonging to the alpha and beta proteobacteria, actinobacteria, and Archaea. However, very few of these organisms have been shown to express catalytically active BFDC. In fact, PpBFDC is the only variant that has been crystallized and kinetically characterized (3, 4) .
A subset of representatives from all of the mentioned groups was chosen for a sequence alignment. An initial ClustalW alignment was manually refined by taking into account the secondary structure predictions obtained by using Gen-THREADER (12, 13) and aligning them with the known secondary structure of PpBFDC. Available biochemical information about particular residues or regions of BFDC was also incorporated into the alignment. Excluding those almost identical sequences corresponding to strains or subspecies, the identity between BFDC sequences varied between 16 and 91%. The alignment shows that His-70 is the only of these three residues that is absolutely conserved in all putative BFDCs. The quality of the alignment in this region is very good, with no gaps and an almost exact superimposition of secondary structure predictions. The alignment in the region surrounding Ser-26 is also very good, with no gaps, helped because Gly-25 is absolutely conserved. Ser-26 is replaced by a threonine residue in Ϸ40% of the available sequences, but the change does not seem to strictly correlate with the phylogeny. None of the putative BFDCs that bear a Thr in position 26 have demonstrated catalytic activity.
His-281 is located in a long loop with extremely low sequence conservation. Although this made it difficult to generate a reliable alignment, it became apparent that His-281 had been replaced by Ser, Thr, or Tyr in Ϸ40% of the sequences. Once again the substitutions do not appear to correlate with a particular phylogenetic group and only in the case of the Neurospora crassa enzyme, where His-281 has been replaced by threonine, has the BFDC activity been demonstrated (14) . The alignment is provided in Table S2 .
Discussion
This study began with two aims. The first was to develop a rapid screen for the decarboxylation of BF and other 2-keto acids. The second was to couple that screen to a saturation mutagenesis protocol so as to facilitate examination of residues involved in substrate specificity. The screen itself was found to be quite effective and, at saturating levels of BF, was able to easily discriminate between crude cell extracts of PpBFDC variants with k cat values extending almost 3 orders of magnitude lower than that of the WT enzyme. The saturation mutagenesis protocol also proved to be efficient with replacement of a single residue by all 20 aa being observed in a single screening of 88 colonies. There was some variation, e.g., the frequency of Ser mutants observed in the mutagenesis of Ser-26 was 50% greater than predicted. Therefore, to ensure full coverage, it seems appropriate to routinely screen 176 colonies.
Although method development proceeded smoothly, the validation process provided some unanticipated results. It was thought that saturation mutagenesis of a catalytic residue, such as His-281, would provide a good control for the process. WT activity should be observed for variants with a histidine in this position and a marked reduction in activity for replacement by any other amino acid, with the H281A variant providing a standard for loss of activity. Given that His-281 was supposedly involved in the protonation of the carbanion/enamine (Fig. 2 and ref. 4 ) it was surprising that the H281F variant showed only a 5-fold decrease in k cat and Ͻ10-fold decrease in k cat /K m . The H281W variant was almost as effective as H281F, yet neither tryptophan nor phenylalanine can donate a proton under these assay conditions. Thus, it appeared that the proposed role for His-281 must be incorrect.
This result prompted a reexamination of the proposed catalytic roles of two other active site residues, Ser-26 and His-70. The latter is positioned to form a hydrogen bond with the 2-keto group of the substrate (Fig. 1) , and the H70A variant showed a decrease in k cat /K m of more than 4 orders of magnitude (4) . More detailed analysis showed that replacement of His-70 with alanine adversely affected the formation of 2-␣-mandelyl-ThDP (4, 5) , and the deprotonation of 2-␣-hydroxybenzyl-ThDP (Fig. 2 and  ref. 4) . Based on those results, it seemed that His-70 acted as an acid-base catalyst. The saturation mutagenesis results confirm the importance of His-70 in that very few colonies are observed with activity over background levels. Nonetheless, there were some colonies with activity intermediate between than that of WT enzyme and the H70A control. Sequencing identified these His-70 replacements as threonine, serine, leucine, and phenylalanine residues, none of which act as acid-base catalysts. Certainly, if activated, both serine and threonine can act as nucleophiles, but leucine and phenylalanine are essentially inert. Despite that, the k cat value of the H70L variant was down only 23-fold, whereas that of H70T was down only 8-fold, suggesting that the postulated mechanistic role for His-70 is also erroneous. Fig. 1 indicates that Ser-26 forms a hydrogen bond with the carboxylate of BF. This suggestion was supported by observations that the K i value for (R)-mandelate increases 100-fold for the S26A variant, and the K m value for BF increases Ͼ20-fold (4). Once more, the saturation mutagenesis studies gave intriguing results. Sequencing of the PpBFDC from those colonies with The values are expressed as the mean Ϯ SE. All variants were prepared with a C-terminal hexahistidine tag and assayed as described in Materials and Methods. *In parentheses are fold increases over the WT value. † In parentheses are fold decreases over the WT value.
intermediate activity identified threonine, leucine, and methionine as alternates for Ser-26. Replacement by threonine is understandable as it can provide essentially the same interactions as serine, but neither leucine nor methionine can hydrogen bond to a carboxylate group. Despite that, the K m values of the S26L and S26M variants are only reduced 4-and 3-fold, respectively, compared with almost 30-fold for S26A. Moreover, leucine and methionine are both considerably larger than serine, and it is difficult to see (or model) how either of these two residues can replace Ser-26 without disrupting the active site. Nonetheless the enzyme must be able to adapt, because the k cat value for S26L is Ͼ40% of the WT value, compared with that for S26A, which is only 5%.
When the mechanistic roles were initially ascribed to Ser-26, His-70, and His-281, these residues were thought to be invariant. Alignments of the recent sequence data (see Table S2 ) show that His-281 has been replaced by tyrosine and less frequently by serine and threonine, replacements supporting the notion that His-281 is not an essential acid-base catalyst. The alignments also identify several instances in which Ser-26 has been replaced by threonine, a conservative substitution also observed in this study, which may permit a similar mechanistic role. Only His-70 is absolutely conserved.
One of the difficulties in assigning roles to the individual residues is that initial assignments were based on the reaction with the unnatural substrate, p-nitrobenzoylformate (NBF), which is turned over almost 4 orders of magnitude more slowly than BF. Although the slow step in the NBF reaction is product release (5), it is not clear that this is true for BF. It has been shown that changing the p-substituent on an aromatic 2-keto acid changed the rate determining step for indolepyruvate decarboxylase [IPDC (15)]. Certainly, there is also variation between enzymes. For example, formation of the first tetrahedral intermediate is essentially rate-limiting for acetohydroxyacid synthase, whereas decarboxylation and product release are both partially rate-limiting for pyruvate decarboxylase (16). Thus, it is possible (even likely) that BF and NBF have different kinetic barriers that could give rise to erroneous role assignments. A further complication is that, in the examples cited above, the nonlimiting steps are only 1-2 orders of magnitude greater than the rate-limiting step. Consequently, it is feasible that a relatively small change in k cat can be brought about by a mutation that slows an initially nonlimiting step by 2-3 orders of magnitude. In summary, until all kinetic steps of the BF reaction have been characterized, it will be difficult to assign unambiguous roles to these residues.
That said, it is reasonable to ask why it is that replacement of these putative catalytic residues by alanine has such a dramatically more detrimental effect on PpBFDC activity than replacement by, for instance, leucine or phenylalanine? It has been suggested that, in addition to stereochemical control, a low-polar environment that stabilizes the zwitterionic intermediates (17, 18) and a highly evolved proton transfer shuttle are important factors in ThDP-dependent decarboxylases (15, 19) . Although it has been proposed that His-70 protonates the carbonyl of BF (4), a growing body of kinetic and structural evidence suggests that intramolecular proton transfer between the 4Ј-amino group and the C2␣-OH facilitates carbonyl addition to ThDP (15, 16, 20, 21) . It is notable that, when bound to BFDC, the hydroxyl of (R)-mandelate lies close to both the N4Ј of ThDP and His-70 (4). Further, although it is conserved across the BFDCs, in several ThDP-dependent enzymes, His-70 has been replaced by glutamine, which cannot act as an acid-base catalyst (20, 21) . Taken together, this would imply that the N4Ј-amino group of ThDP is the likely proton donor in the formation of 2-␣-mandelyl-ThDP (Fig. 2) , with His-70 playing a greater role in orienting the incoming BF.
In both liganded and unliganded PpBFDC, His-70 has a network of hydrogen bonding interactions that could be used to shuttle protons. In the unliganded enzyme His-70 interacts with Glu-28 and, through a water molecule, with Ser-26 and the C2 position of ThDP (3, 22) . When (R)-mandelate binds, the water molecule is displaced with little other change in the position of the active site residues (4). In the H70A variant, there would be disruption to potential proton shuttles and possibly a reduction in the stereochemical control of the reaction. However, when His-70 is replaced by residues capable of making hydrogen bonds or having sufficient steric bulk to maintain active site geometry, it is possible that the overall effect on catalytic efficiency may be much less. A similar requirement for hydrogen bonding and steric bulk was invoked to explain the lack of activity of the H71A variant of dihydroorotate dehydrogenase (23) .
Protonation of the carbanion/enamine has been put forward as the likely role for His-281 (4) . Despite model studies suggesting that a neutral transition state resembling the enamine would favor decarboxylation, studies on PpBFDC (24) and IPDC (15) both indicate that the carbanion is the more likely transition state. Because the pK a for C2␣-H of free hydroxybenzylthiamin diphosphate is 15.4 (17) , notwithstanding the pK a suppression brought about by a hydrophobic active site, it is likely that the carbanion will be rapidly protonated even in the absence of His-281.
On the whole, it is intriguing that many of the better substitutions of Ser-26, His-70, and His-281 are by hydrophobic residues such as leucine, methionine, and phenylalanine. Each of these residues would increase the hydrophobicity of the active site, and one can speculate that some of the loss of activity brought about by disruption of proton shuttles may be recovered by stabilization of alternative steps in the mechanism. Of course, none of these replacement amino acids is able to restore full catalytic activity.
The saturation mutagenesis results described here clearly demonstrate that the roles assigned to Ser-26, His-70, and His-281 on the basis of experiments with alanine mutants cannot be correct. Unfortunately, the results do not allow us to define the correct roles. Regardless, this study raises a wider issue. Because substitution with alanine removes all side chain atoms past the ␤-carbon, the effects of individual alanine mutations often have been used to infer the roles of individual side chains (25) . Is this always appropriate? The results from this study would say no. It is conceivable that, by abolishing all interresidue interactions in the mutated position, the real contributions of the original residue to the catalytic mechanism may be hidden. In a recent review, Peracchi (26) noted that site-directed mutagenesis, particularly in the absence of structural information, can provide very ambiguous results. Here, we have shown that, even when detailed structural information is available, assigning importance and function on the basis of alanine mutagenesis can still be misleading. Perhaps saturation mutagenesis should become a litmus test before assigning specific roles to individual catalytic residues.
Materials and Methods
Materials. Horse liver alcohol dehydrogenase (HLADH), DNaseI, NADH, ThDP, and 2-keto acids were purchased from Sigma. Primers were obtained from IDT Technologies. Sequencing was carried out at the DNA Sequencing Core, University of Michigan.
Determination of Enzyme Activity. In steady-state kinetic studies decarboxylation of BF was measured by using a coupled enzymatic assay with HLADH as described in ref. 24 . The assay mix (1 ml) contained 0.5 mM ThDP, 1 mM MgSO4, 0.5 U/ml HLADH, and 0.2 mM NADH in 100 mM potassium phosphate buffer (pH 6.0). The reaction was initiated by adding the enzyme, and the decrease in absorbance at 340 nm was measured on a Cary 50 spectrophotometer (Varian) equipped with a temperature-controlled cell holder equilibrated at 30°C. Kinetic parameters were calculated per monomer and were obtained by fitting initial rate data to the Michaelis-Menten equation, using the enzyme kinetics module of SigmaPlot (SPSS).
In the microplate assay, the decarboxylation of BF was also measured by using the coupled assay. The reaction mixture contained 0.28 mM NADH, 1 units/ml HLADH, 10 mM BF, 0.5 mM ThDP, 1 mM MgSO4, and 100 mM potassium phosphate buffer (pH 6.0) in a total volume of 200 l. The plate containing the reaction mixture was allowed to equilibrate at 30°C before the initiation of the experiment. A background run of 1 min was recorded at 340 nm. The reaction was started by the addition of 20 l of the lysates (see below), and the decrease in absorbance at 340 nm was monitored for 2 min. Cultures of the clones that displayed significant levels of activity were grown overnight in 5 ml of LB for plasmid extraction and full sequencing of the coding region of BFDC.
Saturation Mutagenesis. The pETBFDC-His expression vector was obtained by excising the PpBFDC gene from pKKBFD-His (27), using NcoI and XhoI and ligating into pET24d (Novagen), which had been similarly digested. Expression vectors for the S26A, H70A, and H281A controls were prepared in the same way. The S26X, H70X, and H281X variants were constructed by using degenerate primers, using pETBFDC-His as the template and following the QuikChange site-directed mutagenesis protocol (Invitrogen). The primers are listed in Table S3 .
For each position, the mix of mutated plasmids was transformed into BL21(DE3) cells for protein expression. Colonies grown overnight were inoculated in 0.9-ml cultures of TB overnight express media (Novagen) supplemented with kanamycin in 96-well deep-well plates (Abgene). Isolated colonies of BL21(DE3) cells expressing WT BFDC or previously characterized variants were grown from glycerol stocks and inoculated in each plate as controls. The plates were covered with gas permeable films (Abgene) and incubated at 37°C with shaking at 300 rpm for 16 -20 h.
Samples (80 l) from the overnight grown cultures were mixed with 40 l of sterile 50% glycerol and stored at Ϫ80°C. The remaining culture volume was lysed with 50 l of FastBreak reagent (Novagen) plus 0.1 units/ml DNaseI at room temperature for 30 min with shaking at 300 rpm. The resulting lysate was used to determine enzymatic activity in a Molecular Devices Spectramax M5 plate reader, using the modification of the continuous coupled assay described above.
Purification of PpBFDC Variants. The WT PpBFDC and the mutated variants were purified from cultures of BL21(DE3)pLysS cells freshly transformed with the corresponding plasmids, following a procedure described in ref. 8 . Homogenous fractions as determined by SDS/PAGE were pooled and concentrated, and the buffer exchanged for storage buffer [100 mM potassium phosphate (pH 6.0), 0.5 mM ThDP, and 1 mM MgSO 4], using Amicon Ultra centrifugal filter devices (Millipore).
